Abstract: Zircon separates from one jadeitite sample (JJ) from Tone, Japan and one from Guatemala (GJ) were studied for mineral inclusions, age dating, trace-element determination and Hf isotope analysis. These zircons can be categorized into two types. Type I (igneous) zircons are characterized by the presence of mineral inclusions, among others K-feldspar, which is not present in jadeitite matrix. They also show higher Th/U ratios, larger Ce anomalies and higher 176 Hf ratios. Both types of zircons display high eHf(t) values, slightly lower than the depleted mantle evolution line. The JJ sample contains both type I and II zircons. SHRIMP and geochemical data indicate that this jadeitite sample was formed through the mechanism of whole-sale metasomatic replacement at $80 Ma from an igneous protolith of juvenile origin with an age of 136 AE 2 Ma. The GJ sample contains only type II zircons and may have formed through a mechanism of, or close to, vein precipitation at 98 AE 2 Ma. The two samples therefore testify that both mechanisms may have been in operation during jadeitite formation. Based on Hf isotope composition of type I zircons and the back-calculated REE pattern of the presumed protolith, the geochemical characteristics of the protolith of the Tone jadeitite were shown to be similar to those of oceanic plagiogranites derived from partial melting of cumulate gabbros or subduction-zone adakitic granites originated from partial melting of subducted oceanic crust. The latter, however, is a more probable candidate because the former is known to be poor in K 2 O, which, in contrast, is a notable chemical component in Tone jadeitite. On the basis of the available data, it is also suggested that the protolith, the physicochemical conditions and the extent of jadeitization may all play a role in dictating the chemical variations of jadeitites.
Introduction
Jadeitite, occurring as (tectonic) inclusions in serpentinite, is a rare rock type in association with high-pressure rocks such as blueschist, eclogite and/or garnet amphibolite in plate subduction/collision zones (e.g., Coleman, 1961; Harlow & Sorensen, 2005; Harlow et al., 2007) . The rock mainly consists of jadeite (mostly .90 % in mode), with minor amounts of albite, quartz, sodic amphibole, micas, omphacite, kosmochlor, zoisite, titanite, rutile, allanite, apatite, zircon, chromite, pyrite and graphite (Harlow & Sorensen, 2005; Harlow et al., 2007) ; it is chemically distinctive by high Al and Na, and probably Zr and Hf contents (Morishita et al., 2007; Shi et al., 2008; Yui et al., 2010) . Most pressure-temperature (P-T) conditions for jadeitite formation have been suggested in the range of 5-18 kbar and 100-500 C (Harlow, 1994; Okay, 1997; Shigeno et al., 2005; Bröcker & Keasling, 2006) . Only less than 20 occurrences of jadeitite have been documented worldwide (see Fig. 7 -1 of Harlow et al., 2007) . The rarity of jadeitite may be due to specific tectonic settings required for jadeitite exhumation (Harlow & Sorensen, 2005) , special physicochemical conditions needed for jadeitite formation , or failure of identification in the field.
The formation mechanism of jadeitite has been a subject of debate recently. It has been proposed that jadeitite was either formed through whole-sale metasomatic replacement of tectonic blocks within serpentinite (Coleman, 1961; Dobretsov, 1963) or a result of vein precipitation Jadeitite: new occurrences, new data, new interpretations from fluid flowing through serpentinite (Harlow & Sorensen, 2005; Sorensen et al., 2006; Harlow et al., 2007) . Several geochronological and geochemical studies showed that zircons in some jadeitites might be of solutionprecipitate origin (Tsujimori et al., 2005; Bröcker & Keasling, 2006; Shi et al., 2008; Yui et al., 2010) , in favor of the scenario of ''vein precipitation''. However, different opinions are also present that some of the zircons in question might well be interpreted as relict igneous crystals inherited from protoliths of jadeitites (Fu et al., 2010; Mori et al., 2011) , indicating a ''metasomatic replacement'' process.
In this study, we present Hf isotope and REE compositions, in addition to internal structure/mineral inclusion and U-Pb dating, of zircon from two jadeitite samples. One jadeitite sample was collected from Tone, Kyushu, Japan. Jadeitites from this area have been studied by Mori et al. (2011) . The other sample, which has been studied by Yui et al. (2010) , was collected from north of the Motagua fault, Guatemala. Based on the information of internal structure, mineral inclusion and U-Pb dating, zircons from these jadeitites are suggested to be either of inherited igneous origin (type I) or of newly formed metasomatic/ solution-precipitate origin (type II). Hf isotope and REE compositions of type I zircons are further employed to infer the possible geochemical characteristics of the presumed protolith.
Geological background

Western Kyushu, Japan
Jadeitites in western Kyushu, Japan have been reported from serpentinite mélanges in the Nishisonogi metamorphic rocks (Nishiyama, 1978) , which form a subduction complex of Late Cretaceous age (Hattori & Shibata, 1982) . The complex, N-S trending, consists mainly of pelitic, psammitic and basic schists of epidote-glaucophane and epidote-amphibolite facies metamorphic grade (Nishiyama, 1990) . Antigorite-grade serpentinite mél-anges contain various types of tectonic blocks, including metabasite, albitite, jadeitite, omphacite rocks, rodingite, zoisite rocks, and epidote-garnet-crossite-barroisite rocks (Nishiyama, 1989) . Jadeitite occurs as boulders at the Mie and the Tone areas (Nishiyama, 1978; Shigeno et al. 2005) . These jadeitites contain both high-P and retrograde phases including jadeite (65-95 % in mode), omphacite, micas, albite, clinozoisite, titanite, analcime, apatite, monazite and zircon. A lot of 1-20 mm quartz inclusions are present in jadeite cores of the Tone jadeitite, whereas jadeite in the Mie jadeitite rarely has quartz inclusions. The peak metamorphic conditions for these jadeitites were estimated to be P . 13 kbar and T . 400 C (Shigeno et al., 2005) . Based on U-Pb dating with laser ICPMS, Mori et al. (2011) showed that the cores of zircon from two Tone jadeitite samples gave an age of 126 AE 6 Ma, which is older than spot-fusion 40 Ar/
39
Ar ages of $85 Ma for muscovite and $65 Ma for phlogopite in jadeitite. On the other hand, rims of zircon showed low Th/U ratios and yielded an age of 84 AE 6 Ma. The zircon cores were suggested to be most probably of igneous origin, inherited from a plagiogranite protolith.
Central Guatemala
The east-west trending suture zone between the North American and Caribbean plate crops out in central Guatemala. On both sides of the Motagua fault within this suture zone, slivers of serpentinite mélange contain blocks of high-pressure rocks. South of the fault, highpressure rocks include lawsonite eclogite, blueschist, and jadeitite in serpentinite matrix. The P-T conditions of the lawsonite eclogite were estimated to be $25 kbar and 470 C (Tsujimori et al., 2006a (Tsujimori et al., , 2006b . In contrast, north of the Motagua fault, serpentinite mélange hosts garnet amphibolite, omphacite-taramite metabasite, jadeitite, albitite, and altered clinozoisite-amphibole-eclogite (Tsujimori et al., 2006a (Tsujimori et al., , 2006b Brueckner et al., 2009) . The estimated P-T conditions for eclogite are 500-600 C at $20 kbar. Eclogites from both north and south of the Motagua fault yielded comparable Sm-Nd mineral isochron ages of 144-126 Ma (Brueckner et al., 2009) . Harlow (1994) and Harlow et al. (2011) showed that the jadeitites north of the Motagua fault consist mainly of jadeitic (Jd 93-100 ) pyroxene with minor amounts of paragonite, phengite, phlogopite, omphacite, titanite, zircon, apatite and graphite. Secondary minerals are analcime, albite, taramitic amphibole, zoisite, nepheline and preiswerkite. These jadeitites might have been formed at 300-400 C and 6-12 kbar (Harlow et al., 2011 ) from a fluid with 0.0 . log 10 a SiO 2 . À0.7 (Harlow, 1994) . Stable-isotope studies further gave a temperature estimate of 401 AE 50 C for jadeitite formation and showed that the fluid was either an isotopically modified marine pore water, or derived from the breakdown of hydrous minerals in the subducting slab followed by deuterium enrichment from serpentinization at low water-to-rock ratios (Johnson & Harlow, 1999) . On the other hand, mineral constituents of jadeitites south of the Motagua fault are more variable. Besides jadeite and phengite, the amount of lawsonite, quartz, albite and pumpellyite varies significantly. The estimated formation conditions are in the range of $200-400 C and 6-20 kbar (Harlow et al., 2011) . 40 Ar/ 39 Ar geochronology of phengitic mica yielded 77-65 Ma for the northern jadeitite and 125-113 Ma for the southern jadeitite (Harlow et al., 2004) . U-Pb zircon dating for one northern jadeitite sample gave a jadeitite formation age of 95 Ma and for one southern jadeitite sample, most probably an inherited igneous age of 154 AE 4 Ma (Fu et al., 2010) . Harlow & Sorensen (2005) ; Sorensen et al. (2006) and Harlow et al. (2007) , on the basis of vein-like occurrences, absence of relict protolith and presence of rhythmic zoning/fluid 264 T.-F. Yui et al. inclusions in jadeite, proposed that these Guatemala jadeitites may have precipitated directly from fluids. Based on Li content and Li isotope signature of jadeitites and constituent minerals, Simons et al. (2010) further concluded that the jadeitite-forming fluids might have been derived from the altered subduction slab and subducted sediments.
Sample description
Zircons from one Tone jadeitite sample (JJ) were separated for U-Pb age dating, Hf isotope analysis and trace-element determination. Zircons from one jadeitite sample (GJ) from north of the Motagua fault, Guatemala, which have been studied by Yui et al. (2010) , were also included for comparison. Previously, the GJ zircons were dated by the SHRIMP-RG instrument at Stanford University, yielding an age of 95 AE 4 Ma with a relatively large MSWD (¼6.7). More analyses were carried out for these zircons to refine the analytical uncertainty. The jadeitite sample JJ was collected from a jadeitite boulder ($120 cm Â $90 cm Â $60 cm in size). The sample is massive, light-green in color, and coarse-grained (0.5-3 mm). It mainly contains jadeiteþomphacite ($85 % in mode), with other phases including muscovite (10 %), albite (4 %), glaucophane, clinozoisite, titanite, analcime, apatite and zircon. Quartz and omphacite inclusions were observed in jadeite cores as reported by Shigeno et al. (2005) . Fluid inclusions are not common. Albite and analcime are secondary phases replacing jadeite or present along grain boundaries.
The jadeitite sample GJ is massive, light-green in color, coarse-grained (0.5-1.5 mm), and composed mainly of jadeite (.90 % in mode), with minor amounts of omphacite, albite, paragonite, titanite, analcime and zircon. The cores of jadeite contain abundant mineral and/or submicrometer-scale two-phase fluid inclusions; and the rims are generally clean with rhythmic zoning. Mineral inclusions are mainly albite, analcime, paragonite and omphacite. A thin selvage of secondary analcime is common along jadeite grain boundary. More detailed descriptions are given by Yui et al. (2010) .
Detailed analytical procedures of U-Th-Pb dating and trace-element determination of zircons by SHRIMP-RG, Hf-isotope analysis of zircons by laser ICPMS, Raman and energy dispersive X-ray (EDX) spectroscopy on mineral inclusions within zircon, and XRF and ICPMS chemical analysis of jadeitite are presented as supplementary material in Appendix S1. The results of U-Th-Pb dating, traceelement determination and Hf isotopic analyses of zircon from both Tone (JJ) and Guatemala (GJ) jadeitites are presented in the supplementary Table S1-S3, respectively. Major and trace element compositions of whole-rock Tone jadeitite sample are listed in the supplementary Table S4 . Appendix S1 and Table S1-S4 are freely available online on the GeoScienceWorld website of the journal, linked to the relevant article at http://eurjmin.geoscienceworld.org/.
Results
Mineral inclusion and internal structure of zircon
Zircons from the Tone jadeitite sample are sub-to euhedral in form and 100-150 Â 150-250 mm in size. Mineral inclusions are not uncommon, including feldspars (K-feldspar and albite), muscovite, quartz, omphacite and jadeite, on the basis of Raman and EDX spectra (Fig. 1) . Among them, Kfeldspar is only observed as inclusions in zircon cores but not present in zircon rims and jadeitite matrix. Omphacite and jadeite inclusions are rare and are restricted to zircon rims, although a few were observed along healed cracks cutting through zircon cores. The latter are similar to those ''pseudoinclusions'' related to secondary processes described by Bulle et al. (2010) . Fluid inclusions are rarely observed. Most zircon grains exhibit typical oscillatory zoning pattern under cathodoluminescence (CL) (Fig. 2a) . Zircons show light, medium to dark CL. Rims and healed cracks with omphacite and jadeite inclusions generally show dark CL (see JJ-27 and JJ-28 in Fig. 2a ), but zircons with dark CL may not necessarily contain omphacite/jadeite inclusions.
Zircons from the Guatemala jadeitite sample have been described in detail by Yui et al. (2010) . A brief summary is given below. Zircons are sub-to anhedral in form and 100-150 Â 200-350 mm in size, containing a few mineral and abundant two-phase fluid inclusions. Plagioclase (presumably albite), quartz and jadeite (or omphacite), in decreasing abundance, are the major inclusions in zircons. CO 2 and CH 4 components in fluid inclusions are negligible. Zircons generally exhibit medium to dark CL. Segmented oscillatory zoning and sector zoning are observed in some grains and zircon cores, but are absent in others. Well developed oscillatory zoning is not prominent (Fig. 2b) . Distinct inner cores, typical of zircons that experienced multistage histories, were not observed.
U-Pb age determination of zircon
Twenty-six SHRIMP-RG dating analyses were carried out on eighteen zircon grains from the Tone jadeitite (Table S1 , Fig. 2a ). Combined with mineral inclusion and CL observations, zircons analyzed can be divided into two types. Type I zircons show typical oscillatory zoning without inherited cores and contain inclusions of quartz/feldspars/muscovite. They yield an age of 136.4 AE 2.2 Ma (N ¼ 18, MSWD ¼ 2.2) ( Fig. 3a) and have Th/U ratios in the range of 0.3-1.9 (Fig. 4) . Type II zircons (JJ-27 and JJ-28 in Fig. 2a ), along rims with omphacite/jadeite inclusions, show a young apparent age around 80 Ma (Table S1 , Fig. 3a ) and have Th/U ratios less than 0.01 (Fig. 4) . Some zircon rims and healed cracks (such as 24, 26, 29, 210, and 211) , despite omphacite and jadeite inclusions, yield ages (102-130 Ma) and Th/U ratios (0.02-0.4) in between those of type I and II. These are most probably mixed results due to physical coverage of type I and II zircons by ion beam during analyses.
For zircons from the Guatemala jadeitite sample, new U-Pb dating analyses of GJ-21, 22, 24, 25, 26, 27, 28, 29, 210 and 211 were taken from zircon grains other than those from which GJ-1 to 15 had been retrieved; and GJ-25 was taken from the same zircon grain as GJ-10 (Table S1 , Fig. 2b ). The data for GJ-1 to 15 were already published by Yui et al. (2010) . The newly analyzed zircons also show extremely low Th/U values (,0.007), confirming the previous results given by Yui et al. (2010) . These zircons should be categorized as type II. All U-Th-Pb dating results showed that zircons with young ages (,83 Ma) often have a high common-lead component (.10 %) (Table S1 ). If these young-age data are excluded, the remaining 18 data points would give an age of 98.3 AE 1.6 Ma with a MSWD ¼ 3.3 ( Fig. 3b) . Compared with the age data published previously, i.e., 95.5 AE 3.6 Ma (N ¼ 13, MSWD ¼ 6.7) , the two results are consistent with each other within error but the present one shows a better analytical precision.
Trace-element composition of zircon
The chondrite-normalized REE patterns of zircons from the Tone jadeitite show characteristic Ce positive anomaly and HREE enrichment (Fig. 5 ). One analysis, JJ-24, is an exception with a Ce/Ce* value of 0.99 and an LREE enriched pattern. Contamination by LREE-rich mineral inclusions during analysis is the most probable explanation. This analysis is therefore excluded from the following discussions. As shown in Fig. 5 , type I zircons have slightly higher total REE content than type II zircons. One distinct feature is that type I zircons always have larger Ce positive anomaly than type II zircons (Table S2 , Fig. 4 and 5). All zircons show weak negative Eu anomaly (Table S2 , Fig. 5 ). Positive Eu anomaly as those reported for some solutionprecipitate zircons from Guatemalan jadeitite was not observed here. The newly analyzed REE data for zircons from the Guatemala jadeitite sample are similar to those results previously reported by Yui et al. (2010) and are therefore not included here to avoid repetition. Hf)i) for all zircons overlap completely (Table S3 ). Type I zircons show eHf(t) values from þ9.6 to þ15.5, mixed zircons, from þ11.9 to þ15.6, whereas the two type II zircons exhibit eHf(t) values of þ11.6 and þ13.3, respectively (Table S3 , Fig. 6b) . These values are slightly lower than the coeval eHf(t) value (i.e., $ þ16.4) of the depleted mantle. The single-stage model age for type I zircons ranges from 175 to 416 Ma, whereas the two-stage model age, from 197 to 574 Ma (Table S3) .
Hf isotope composition of zircon
Zircons from the Guatemala jadeitite sample show (Table S3 , Fig. 6a ). The corresponding eHf(t) values range from þ10.5 to þ13.4 (Table S3 , Fig. 6b ), which is slightly lower than the coeval eHf(t) value (i.e., $ þ16.6) of the depleted mantle. The single-stage model age of these Hfisotope data ranges from 175 to 326 Ma, whereas the twostage model age, from 224 to 474 Ma (Table S3) .
Chemical characteristics of jadeitite
The Tone jadeitite sample contains high Al and Na (Table  S4) . Compared with the Guatemala jadeitite sample, this sample is slightly higher in Mg and K, and slightly lower in Na (Table S4 ). The REE pattern is weakly concave upward (Sun & McDonough, 1989) normalized REE patterns of (a) and (b) type I zircons, and (c) type II and mixed zircons from JJ sample. Pr content of zircons was not analyzed and its chondrite normalized value was calculated by Pr N ¼ La N 1/3 Â Nd N 2/3 . Note that type II zircons (JJ-27 and 28) show smaller positive Ce anomalies. The thick solid line in (a) and (b) is the REE pattern of melt (i.e., the presumed igneous protolith) in equilibrium with type I zircons, calculated by REE zircon-melt partition coefficients given by Sano et al. (2002) . The gray area in (c) represents the REE range of type I zircons in (a) and (b).
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T.-F. Yui et al. and show slight LREE enrichment. Eu anomaly was not observed (Fig. 7a) . Compared with zircons, the jadeitite host generally has slightly higher LREE and lower HREE contents (Fig. 5 ). In the primitive mantle (Sun & McDonough, 1989 ) normalized spidergram, this jadeitite is notably enriched in Ti, Zr, Hf, and K; slightly enriched in Ba and U; and depleted in Sr (Fig. 8) .
Chemical characteristics of the Guatemala jadeitite were already described by Yui et al. (2010) . The results are included in Table S4 , and as Guatemala jadeitite (N) in Fig. 7 and 8 for comparison.
Discussion
Zircon types and characteristics
The presence of K-feldspar/albite/quartz/muscovite and the absence of omphacite/jadeite as mineral inclusions (Fig. 1) , the oscillatory zoning under CL without inherited cores (Fig. 2a) , and the high Th/U ratios (i.e., 0.3-1.9) (Table S1) are the characteristics of type I zircons in the Tone jadeitite (JJ) sample. Although each of these features may not be a reliable criterion to distinguish between magmatic and metamorphic/metasomatic zircons (e.g., Bulle et al., 2010) , taken together, and also compared with features of type II zircons discussed below, these type I zircons are preferably interpreted to be of magmatic origin and inherited from a felsic igneous protolith with an age of 136 AE 2 Ma. On the other hand, type II zircon along crystal rims and healed cracks, with omphacite/jadeite mineral inclusions (Fig. 1) and low Th/U ratios (i.e., ,0.01) (Table S1 ), would represent neoblastic zircon newly formed during jadeitite formation. These results indicate that jadeitite would have formed through (Sun & McDonough, 1989) normalized REE pattern of the Tone jadeitite sample. The REE ranges for omphacite in Itoigawa-Ohmi jadeitite (Morishita et al., 2007) and for Myanmar jadeitites (Shi et al., 2008) , as well as some REE patterns for Guatemala jadeitites (open triangle - Simons et al., 2010; closed triangle -Yui et al., 2010) are also shown for comparison. Triangles pointing upward represent jadeitite from north of the Motagua fault, Guatemala; whereas triangles pointing downward, from south of the Motagua fault. Thick solid line is the REE pattern of the presumed igneous protolith back-calculated from the REE composition of type I zircons of the Tone jadeitite. (b) Calculated REE pattern of the presumed protoliths of JJ sample in this study and one southern jadeitite from Guatemala reported by Fu et al. (2010) . Also shown are REE ranges of plagiogranites originated from extended fractionation and partial melting, respectively, within the Karmøy ophiolite reported by Pedersen and Malpas (1984) , as well as REE compositional range of subduction-zone adakitic granites within the NE Jiangxi ophiolite (Li & Li, 2003) . The LREE enrichment and positive Eu anomaly of the presumed Tone protolith are similar to those of plagiogranite originated from hydrous partial melting of cumulate gabbros and those of subduction-zone adakitic granite due to partial melting of oceanic crust in the presence of amphibole/garnet. metasomatic replacement of an igneous protolith with an age of 136 AE 2 Ma at around 80 Ma. Mori et al. (2011) , who studied zircons from jadeitites collected from the same area, presented similar results but with one difference. The presumed igneous zircons from their sample yielded an age of 126 AE 6 Ma (Mori et al., 2011) , which is younger than the present date by $10 Ma. The age difference might be a result of different analytical methods. Mori et al. (2011) employed laser ICPMS to date zircons. The laser beam size ($30 mm) is larger than the ion beam size ($20-25 mm) of the ion microprobe. The laser beam may therefore cover some type II zircons along healed cracks during dating analyses, leading to a younger age. Alternatively, the age difference is real, suggesting that the igneous protoliths of the Tone jadeitites have multiple origins with different ages. However, the possibility that the age discrepancy actually results from systematic calibration difference between laboratories due to different standards used should also not be excluded. Note that type II zircons exhibit smaller Ce positive anomaly (1.7-2.7) than type I zircons (25-152) (Table S2 , Fig. 4) , indicating a more reducing metasomatic environment compared with magmatic conditions.
Zircons from the Guatemala jadeitite (GJ) sample have low Th/U ratios (,0.007) (Table S1 ) and small positive Ce anomaly (1.5-12.8) , and are categorized as type II. Type I zircons are not detected in this sample. This jadeitite sample may therefore have formed through a mechanism of, or close to, vein precipitation as suggested by Yui et al. (2010) . The formation age of this jadeitite is now refined to be 98 AE 2 Ma. Recently, Fu et al. (2010) dated zircons from one jadeitite sample from south of the Motagua fault, Guatemala, giving an age of 154 AE 4 Ma. The zircons were regarded to be of magmatic origin (Fu et al., 2010) and would therefore be categorized as type I. Indeed, they have higher Th/U ratios and larger Ce anomalies in the ranges of 0.04-2.57 and 15-409, respectively, compared with type II zircons in the GJ sample in this study (Fig. 4) , despite that jadeitites from north and south of the Motagua fault may not necessarily have the same origin (Harlow et al., 2011) .
One major difference between type II zircons from the Tone jadeitite and the Guatemala jadeitite sample is that the latter contains abundant micrometer-to submicrometer-scale fluid inclusions , whereas the former does not. (This difference actually also exists between jadeites in these two samples.) Such a contrast may imply that the amount of fluid present during jadeitite formation was different. While the GJ sample may form through a mechanism of (or close to) ''vein precipitation'' , the JJ sample would have gone through a mechanism of whole-sale ''metasomatic replacement''.
REE characteristics of the presumed protolith
Applying the partition coefficients of REEs between zircon and melt with a dacitic composition (Sano et al., 2002) , the REE pattern of the coexisting melt, or the presumed protolith, could be calculated from the average REE composition of type I zircons from the JJ sample. The resulting REE pattern shows a slight LREE enrichment ((La/Sm) N ¼ 9.6) with Ce/Ce* ¼ 0.4 and Eu/Eu* ¼ 1.6 (Fig. 5 and 7b) . These results are similar to those documented by Mori et al. (2011) , who also argued that the protolith of the Tone jadeitite might be an oceanic plagiogranite. This proposition fits with one of the requirements for the genesis of jadeitite postulated by Yui et al. (2010) that there should be a tectonic block in serpentinite as the source of Na and Al for jadeitite formation. It is well known that there are two possible mechanisms for the formation of oceanic plagiogranite. Either it is formed by extended fractional crystallization of mid-ocean ridge basalt magma (e.g., Brophy, 2009 and references therein), or it is originated through hydrous partial melting of oceanic cumulate gabbros near a ridge (e.g., Koepke et al., 2007 and references therein). These two kinds of plagiogranites show different REE characteristics. The former is characterized by higher REE abundances, flat REE patterns and negative Eu anomalies, whereas the latter has lower REE abundances, LREE enrichments and positive Eu anomalies (Fig. 7b) (Coleman, 1977; Pedersen & Malpas, 1984) . Except for the Ce anomaly and higher REE abundances, the LREE enrichment and a small Eu positive anomaly of the back-calculated REE pattern of the JJ protolith are quite similar to some of plagiogranites originated from partial melting (Fig. 7b) . The Ce negative anomaly is not common in igneous rocks, but is often observed in some oceanic sediments and altered oceanic crust (Henderson, 1984) . Genesis of the presumed igneous protolith involving these components with negative Ce anomalies, such as hydrous partial melting of altered or contaminated cumulate gabbros, may explain the calculated Ce anomaly. One other possibility is that the partition coefficient of Ce (Sun & McDonough, 1989 ) normalized spidergram of the Tone jadeitite. Trace element compositional ranges for omphacite in Itoigawa-Ohmi jadeitite (Morishita et al., 2007) and for Myanmar jadeitites (Shi et al., 2008) , as well as some trace-element normalized patterns for Guatemala jadeitites (open triangle - Simons et al., 2010; closed triangle -Yui et al., 2010) are also shown for comparison. Triangles pointing upward represent jadeitite from north of the Motagua fault, Guatemala; whereas triangles pointing downward, from south of the Motagua fault.
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T.-F. Yui et al. between zircon and melt given by Sano et al. (2002) is an apparent one, involving both Ce þ3 and Ce
þ4
. This proposed coefficient actually deviates significantly from the prediction based on crystal structural strain model (Blundy & Wood, 1994; Hanchar & van Westrenen, 2007) . The calculated Ce content of the melt may not necessarily the real value especially if other phases which preferentially remove Ce þ3 from the melt were crystallizing at the same time as zircon (Hinton & Upton, 1991) . As for the higher REE abundances in back calculated result, it could be accounted for by higher REE abundances in source gabbros, by smaller degrees of partial melting, and/or by fractionation after partial melting.
In addition to oceanic plagiogranite, adakitic granites recently reported from collision or subduction zones (Fig. 7b) (Li & Li, 2003; Condie, 2005; Martin et al., 2005; Tsuchiya et al., 2007; Yuan et al., 2010) also show similar REE patterns as the back-calculated REE pattern of the presumed JJ protolith. Such adakitic granites were generally considered resulting from partial melting of amphibolitic thickened lower crust in collision zones or hydrous partial melting of young/hot oceanic slab in the presence of amphibole/garnet in subduction zones. The former usually exhibits enriched isotopic signatures (e.g., Yuan et al., 2010) , which are not consistent with the Hf isotope data of type I zircons in jadeitite discussed below. Based on these considerations, it is concluded that both oceanic plagiogranite and subduction-zone adakitic granite could be the protolith of the Tone jadeitite. The two possibilities, however, would possess different geologic significances. Oceanic plagiogranite would form within oceanic crust near mid-ocean ridge before subduction whereas adakitic granite would form at depth and intrude into the overlying mantle wedge in subduction zones. In the former case, the age of type I zircons would be the age of the subducted oceanic crust and the age of type II zircons be the time of subduction or rock exhumation. In the latter case, the age of type I zircons would be the time of subduction and the age of type II zircons, most probably the time of rock exhumation when adakitic granite enclosed within mantle wedge was dragged into exhumed subduction complex to shallower depths and subjected to jadeitization.
The Tone jadeitite sample studied is characterized by the presence of $10 vol% muscovite, similar to other Tone jadeitites reported by Shigeno et al. (2005) . The sample therefore has a very high K 2 O content of 1.2 wt% (Table  S4) , which is unusual compared with most of other jadeitites generally having a K 2 O content less than 0.1 wt% (Shi et al., 2008; Simons et al., 2010; Yui et al., 2010) . Oceanic plagiogranite is also known to be poor in K 2 O content (generally , 1.0 wt% and mostly , 0.5 wt%) and rarely contains K-feldspar (Coleman & Peterman, 1975; Koepke et al., 2004) . On the other hand, subduction-zone adakitic granite has a rather wide range of potassium content from 0.22 to 2.87 wt% and K-feldspar is not an uncommon constituent (Li & Li, 2003; Tsuchiya et al., 2007) . K is a mobile element and is generally removed from rocks during seawater-rock interaction at temperature higher than 250 C (Humphris & Thompson, 1978) . Unless plagiogranite with an unusually high K content was involved, adakitic granite would be the more probable candidate as the protolith of the Tone jadeitite. This postulation further indicates that the Nishisonogi metamorphic rocks in western Kyushu would represent an Early Cretaceous subduction complex, but not Late Cretaceous as previously thought (Hattori & Shibata, 1982) .
The above REE back-calculation stands on the assumption that the coexisting melt was in chemical equilibrium with type I zircons. This assumption, however, was questioned by Hoskin et al. (2000) and Hoskin & Schaltegger (2003) that many such calculations lead to REE patterns not reasonably similar to any common igneous rocks on Earth. On the other hand, with the updated partition coefficients, Sano et al. (2002) showed rational results from such back calculations, even for the pluton studied by Hoskin et al. (2000) . As a comparison, the above calculation was also applied to type I zircons from one southern jadeitite sample from Guatemala studied by Fu et al. (2010) mentioned above. The resulting REE pattern ((La/Sm) N ¼ 6.6, Ce/Ce* ¼ 0.4 and Eu/Eu* ¼ 0.8) of the presumed protolith is surprisingly similar to that of the Tone protolith, except for the Eu anomaly (Fig. 7b) , which could be attributed to the lack of positive Eu anomaly or the absence of plagioclase in source rocks during partial melting in the first place. Without the knowledge of chemical characteristics of this southern Guatemala jadeitite sample studied by Fu et al. (2010) , the presumed protolith would be either plagiogranite or adakitic granite. These cases of back calculation may in part support the basic assumption of chemical equilibrium between zircons and coexisting melt, although more detailed studies are necessary to exclude the postulated concerns (Hanchar & van Westrenen, 2007) .
Hf isotope connotation
For the Tone jadeitite sample, type II zircons tend to have lower 176 Lu/ 177 Hf ratios than type I zircons (Fig. 6a) Hf)i ratios (or eHf(t)) (Fig. 6b) . Similar relations were observed for zircons from the Myanmar jadeitite studied by Shi et al. (2009) (Fig. 6) Hf)i ratio than the latter (Fig. 6) (Fu et al., 2010) . Theoretically, newly formed zircons, such as type II in this study, would have higher ( 176 Hf/ 177 Hf)i ratios than inherited igneous zircons (type I), if the former forms through reactions among constituent minerals, which generally have higher Lu/Hf ratios than zircon, under closed system conditions. Obviously, zircons from the Osayama jadeitite are consistent with this prediction, but zircons from both the Tone and the Myanmar jadeitites are not. The latter samples would then indicate a short time duration between the formation of jadeitite and its igneous protolith, a small difference in Lu/Hf ratio between igneous protoliths and type I zircons, and/or, more probably, a low 176 Hf/ 177 Hf ratio of the infiltrated fluid during metasomatic reactions forming jadeitite. Based on Li isotope variations, Simons et al. (2010) concluded that fluids involved in jadeitite genesis may have a small portion ($5-10 %) originated from subducted sediments, which would be low in Hf isotope compositions (e.g., Woodhead et al., 2001 Hf ratios of type II zircons depend not only on the source geochemistry but also on element partitions among coexisting minerals. For example, metamorphic zircons would have a comparable or lower Lu/Hf ratio with respect to inherited igneous zircons in high grade metamorphic rocks, because Lu might be preferentially incorporated in concomitantly formed garnet (Rubatto, 2002) . In the case of jadeitites in this study, garnet is not present. However, it has been shown experimentally that Lu, but not Hf, may behave as a compatible element in clinopyroxene in intermediate to felsic rocks (e.g., Fedele et al., 2009) . Jadeite, although not as effective as garnet in concentrating Lu, may also act as a sink for Lu, given that jadeite is a major component in jadeitite. That may lower the Lu/Hf ratio in concomitantly formed type II zircons. In addition, metasomatic fluids with a sediment-derived component (Simons et al., 2010) would also be low in Lu/Hf ratio (e.g., Plank & Langmuir, 1998) and could be partly responsible for the observed relation between 176 Lu/ 177 Hf ratios of type I and II zircons. Both type I and II zircons from the Tone, Myanmar and Osayama jadeitites are high in eHf(t) values (Fig. 6b) . Such type I zircons would imply that the igneous protolith of the jadeitites in question would be of juvenile origin. Oceanic plagiogranite and subduction-zone adakitic granite, the two possible protoliths of jadeitites based on REE patterns discussed above, are consistent with this inference. The high eHf(t) values of type I zircons from the Myanmar jadeitite, comparable with that of the coeval depleted mantle (Shi et al., 2009; Fig. 6b) , would favor a possible protolithic plagiogranite formed through fractional crystallization of a basaltic magma derived from depleted mantle. Other type I zircons, from the Tone and the Osayama jadeitites, with eHf(t) values slightly lower than that of the coeval depleted mantle (Fig. 6b) , may indicate a possible protolith derived from two-stage partial melting processes, such as plagiogranite formed through anatexis of hydrous oceanic gabbros or subduction-zone adakitic granite resulting from partial melting of subducted oceanic crust. Other components, such as deep-sea sediments or a subduction constituent in depleted mantle, involved in the two-stage partial melting processes are not uncommon. In this regard, the Hf modal ages for type I zircons may indicate the timing of crust-mantle differentiation or, similar to the Hf modal ages for type II zircons, mixed ages without geological meaning.
Only type II zircons, with high eHf(t) values, are present in the Guatemala jadeitite sample (Fig. 6b) . However, as mentioned above, Fu et al. (2010) reported one jadeitite sample from south of the Motagua fault, Guatemala, containing type I zircons with an igneous age of 154 AE 4 Ma. Unfortunately, Hf-isotope data were not given by Fu et al. (2010) . Given the Hf isotope characteristics of type I and II zircons from the Tone/Myanmar/Osayama jadeitites, the juvenile nature of zircons may be a common feature for most jadeitites, if not all.
Trace element variations of jadeitite
The published REE patterns of the Myanmar jadeitites (Shi et al., 2008) and the Guatemala jadeitites (Simons et al., 2010; Yui et al., 2010) show similar characteristics, including slightly concave upward with (La/Sm) N ¼ 1-8 and a small but clear Eu positive anomaly (Eu/Eu* ¼ 1.2-6.4) (Fig. 7a) . Omphacites, and probably jadeite too, within the Itoigawa-Ohmi jadeitites (Morishita et al., 2007) also display similar features, reflecting the fact that jadeiteomphacite is the major component (.90 % in mode) in these jadeitites. Compared with these features, the Tone jadeitite (JJ) sample shows a REE pattern with a slightly larger (La/Sm) N value of 11 and without a Eu anomaly (Eu/ Eu* ¼ 1.0) (Fig. 7a) . Although the differences in the parameter ratios are small, the REE pattern of the JJ sample is rather distinct from other jadeitites (Fig. 7a) . It is noted that the REE pattern of the JJ sample, especially the LREE portion, generally follows the trend of the back-calculated REE pattern of the presumed protolithic igneous rock (Fig. 7a) , despite that the latter shows higher REE contents, as well as small Ce and Eu anomalies. On the other hand, the REE patterns of the Myanmar jadeitites, the Guatemala jadeitites, and omphacite in the Itoigawa-Ohmi jadeitites are very much similar to those reported for plagiogranites derived from partial melting of gabbros but with prominent Eu positive anomaly (Fig. 7b) . It is possible that the observed different characteristics in REE patterns of these jadeitites may simply reflect the REE differences in their protoliths. However, the resemblance in REE patterns between jadeitites and potential igneous protoliths does not necessarily imply a genetic relation. Metasomatic processes may significantly change the REE pattern, in addition to REE abundances. For example, although the REE pattern of the Myanmar jadeitites is similar to that of plagiogranite of partial melting origin, Hf isotope characteristics of the Myanmar zircons are in favor of a plagiogranite protolith derived from extended fractional crystallization as discussed above. If the latter postulation is correct, the presumed protolith would exhibit a negative Eu anomaly but the resulting Myanmar jadeitites have positive Eu anomalies. Unfortunately, the effect of jadeitization on the extent of REE compositional changes is not yet fully understood. In this respect, the jadeite þ omphacite component in the JJ sample is only 85 % in mode, which is lower than most of other jadeitites, which have a jadeite component larger than 90 %. This difference in modal composition may point to a lesser extent of jadeitization for the JJ sample, which may lead to an incomplete adjustment of the REE characteristics. Further systematic studies on jadeitites with different extents of jadeitization might shed light on this issue.
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Based on the available data at that time, Yui et al. (2010) showed that most jadeitites might be enriched in Zr, Hf, Sr, U and Ba, in addition to Eu, compared with other trace elements on the spidergram (Fig. 8) . These elements were also shown to be enriched in albitite in between Guatemala jadeitite and ultramafic rocks . The Tone jadeitite (JJ) sample, however, does not strictly follow the suggested systematics. The sample is actually depleted in Sr and only slightly enriched in Ba and U (Fig. 8) . In fact, recently published data for jadeitites from Guatemala (Simons et al., 2010 ) also showed deviations. Two jadeitites are not (prominently) enriched in Hf and Zr, one does not show Ba enrichment and one is depleted in Sr (Fig. 8) . Some of these trace elements, such as Sr and Ba, were reported to reside in accessory or late-stage minerals (e.g., Harlow & Sorensen, 2005; Harlow et al., 2007; Shi et al., 2010) . However, Hf and Zr have been shown to be enriched in some omphacite and jadeite in Itoigawa-Ohmi jadeitites by Morishita et al. (2007) . The new data would indicate that Hf and Zr enrichment might be decoupled from Al and Na enrichment during the formation of some jadeitites, indicating that the physicochemical conditions for mobilizing these two sets of element may not be quite the same. Besides, Shi et al. (2008) documented consistent trace-element characteristics, as those summarized by Yui et al. (2010) , for six Myanmar jadeitite samples; but three northern jadeitites from Guatemala show prominent variations (Fig. 8 ) (Simons et al., 2010; Yui et al., 2010) . It is not clear if these contrasts are due to sampling bias, diverse protoliths, variation in modal compositions of jadeitites (i.e., different extent of jadeitization or distinctive retrograde reactions), or different physicochemical conditions during jadeitite formation. More systematic studies, including modal compositions and trace element analysis of individual mineral, are needed to reveal the details.
Concluding remarks
Both type I (igneous) and type II (metasomatic/solutionprecipitate) zircons were observed in jadeitites from various occurrences. High eHf(t) values of type I zircons demonstrate that there would be an igneous protolith of juvenile origin for these jadeitites, which would have formed through whole-sale metasomatic replacement of a plagiogranite/adakitic granite-like protolith. With further metasomatic refinement, jadeitites may become more and more pure in mineralogy, forming a quasi-monomineralic rock with a jadeite component higher than 90 % in mode. Accompanying the extensive metasomatism, jadeite (and zircon as well), however, may also precipitate directly from fluids along fluid conduits, if the physicochemical conditions are appropriate for transporting Al, Na and/or Hf, Zr. Yui et al. (2010) proposed that a reducing fluid with high pH values is necessary to mobilize these elements. Given the inferred strict conditions, the distance of such element transportation might be limited (e.g., Gao et al., 2007) and jadeite/zircon would precipitate as soon as the fluid redox deviated from the optimum condition. Under this context, the Tone jadeitite sample in this study would represent a product of metasomatic replacement during the early stage of jadeitite formation; whereas the Guatemala jadeitite sample would be an example close to vein precipitation. At each jadeitite occurrence, jadeitite may have formed mainly through one of the mechanisms. Alternatively, or more probably, both processes may have taken place at the same time but at different places, or at the same place but at different times in each occurrence.
Given the above synopsis, it still should be emphasized that different opinions exist on the nature of type I zircons (Fu et al., 2010) , especially for the case of Myanmar jadeitite (Shi et al., 2009) and Guatemala southern jadeitite (Harlow et al., 2011) . One of the reasons for these debates may be the lack of decisive information. Integrated mineral/fluid inclusion and geochemical data retrieved from zircons may help to settle the arguments in the future.
